Drosophila C-terminal binding protein, dCtBP is required for sensory organ prepattern and sharpens proneural transcriptional activity of the GATA factor Pnr  by Biryukova, Inna & Heitzler, Pascal
Developmental Biology 323 (2008) 64–75
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyDrosophila C-terminal binding protein, dCtBP is required for sensory organ prepattern
and sharpens proneural transcriptional activity of the GATA factor Pnr
Inna Biryukova ⁎, Pascal Heitzler ⁎
Department of Developmental Biology, Institut de Génétique et de Biologie, Moléculaire et Cellulaire (IGBMC), Illkirch Cedex, BP 10142, France⁎ Corresponding authors. Fax: +33 388 653 201.
E-mail addresses: innavld@igbmc.u-strasbg.fr (I. Biry
pascal@igbmc.u-strasbg.fr (P. Heitzler).
0012-1606/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.ydbio.2008.08.014a b s t r a c ta r t i c l e i n f oArticle history: The peripheral nervous syst
Received for publication 6 May 2008
Revised 23 July 2008
Accepted 9 August 2008
Available online 22 August 2008
Keywords:
dCtBP
Sensory organ development
Pnr
Ush
HDAC1/Rpd3
Transcriptional repressionem is required for animals to detect and to relay environmental stimuli to central
nervous system for the information processing. In Drosophila, the precise spatial and temporal expression of
two proneural genes achaete (ac) and scute (sc), is necessary for development of the sensory organs. Here we
present an evidence that the transcription co-repressor, dCtBP acts as a negative regulator of sensory organ
prepattern. Loss of dCtBP function mutant exhibits ectopic sensory organs, while overexpression of dCtBP
results in a dramatic loss of sensory organs. These phenotypes are correlated with mis-emerging of sensory
organ precursors and perturbated expression of proneural transcription activator Ac. Mammalian CtBP-1 was
identiﬁed via interaction with the consensus motif PXDLSX(K/R) of adenovirus E1A oncoprotein. We
demonstrated that dCtBP binds directly to PLDLS motif of Drosophila Friend of GATA-1 protein, U-shaped and
sharpens the adult sensory organ development. Moreover, we found that dCtBP mediates multivalent
interaction with the GATA transcriptional activator Pannier and acts as a direct co-repressor of the Pannier-
mediated activation of proneural genes. We demonstrated that Pannier genetically interacts with dCtBP-
interacting protein HDAC1, suggesting that the dCtBP-dependent regulation of Pannier activity could utilize a
repressive mechanism involving alteration of local chromatine structure.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe Drosophila peripheral nervous system (PNS) displays a
characteristic stereotyped pattern of sensory organs, themicrochaetae
(small bristles) and the macrochaetae (large bristles), most of them
organized in rows. This steryotype patterning is tighly controlled by
local combination of transcriptional activators and repressors. The
formation of the sensory organs depends on the activity of the
proneural basic-Helix–Loop–Helix (bHLH) transcriptional activators
Achaete (Ac) and Scute (Sc) that are expressed in restricted group of
cells, the proneural clusters, and provide these cells with the
competence to become neuronal precursors (Skeath and Carroll,
1994). The selection of the sensory organ precursors (SOPs) is
associated with high levels of ac/sc expression maintained by a
positive feedback loop. The proneural transcription factor Sens that is
expressed in the SOPs acts as an activator of ac/sc and promotes ac/sc
autoregulation (Jafar-Nejad et al., 2003).
A member of the GATA-1 family of transcription factors, Pannier
(Pnr), appears to be a key morphogenetic gene that speciﬁes dorsal
identity in ﬂies (Calleja et al., 2000) and promotes development of
sensory organs in the mesothorax (Heitzler et al., 1996; Ramain et al.
2000). Pnr is a direct proneural activator of ac/sc, which binds to theukova),
l rights reserved.dorsocentral (DC) enhancer (Garcia-Garcia et al., 1999) located 4 and
30 kb upstream of ac and sc, respectively (Gomez-Skarmeta et al.,
1995). The proneural transcriptional activity of Pnr is modulated by
interactions with speciﬁc corepressors or coactivators (Haenlin et al.,
1997; Ramain et al., 2000; Heitzler et al., 2003; Biryukova and Heitzler,
2005). Chip is a cofactor of Pnr that is necessary for proper
development of the dorsal-most sensory organs. The DC proneural
activation requires the formation of a Pnr–Chip–dLMO–Ac/Da
transcriptional complex where Chip acts as a bridge between Pnr
and Ac (Sc)/Da heterodimers to allow enhancer–promoter interactions
(Ramain et al., 2000) and dLMO acts as a coactivator (Asmar et al.,
2008). Proneural activity of this complex is negatively regulated by
recruitment of Osa, a member of Brahma chromatin remodeling
complexes (Heitzler et al., 2003). Moreover, number of further
evidences provides the importance of transcriptional repression of
proneural acitivity of Pnr by the Zinc ﬁnger (Zf) transcription repressor
U-shaped (Ush) (Cubadda et al., 1997) and the LIM-HomeoDomain
protein D-Islet (Biryukova and Heitzler, 2005).
Ush, the Drosophila Friend of GATA-1 (FOG) protein, interacts
physically with the ﬁrst Zf of Pnr, and can convert Pnr from an
activator to a repressor depending on the developmental context. The
location of the DC proneural ﬁeld coincides within the narrow non-
overlapping limits between the Pnr and Ush expression domains, in a
more lateral region of the Pnr domain where Ush, the corepressor, is
absent. These conclusions are supported by the observation that the
DC cluster expands into the Ush domain in ush loss of function
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Zf abolishes the interaction between Pnr and Ush. This mechanism
elicits the formation of DC bristles at stereotyped position and conveys
positional information for the PNS development in the thorax.
Transcriptional repression is an important feature of develop-
mental processes, where it is necessary for establishing complex
patterns of gene expression (Gray and Levine, 1996). Gene-speciﬁc
repression is relevant for controlling several cellular processes such
as cell proliferation and oncogenesis. A number of different
transcriptional repressors present throughout the Drosophila devel-
opment have been shown to encode sequence speciﬁc DNA binding
transcription factors that mediate their effect though recruitment of
various corepressors. The corepressors inhibit transcription by
targeting components of the basal transcription machinery or by
altering the chromatin structure. A number of corepressors alter the
chromatin structure by covalent modiﬁcation of the nucleosomal
histones.
Genetical and biochemical studies in Drosophila revealed two
putative co-repressors, conserved from the round worm Caenor-
habditis elegans to human, acting during embryogenesis: Groucho
(Gro) and the C-terminal binding protein (dCtBP). Both these
factors do not bind DNA themselves but are brought to the DNA
through their interaction with sequences-speciﬁc DNA binding
repressors. dCtBP is the Drosophila homolog of human CtBP, a
48-kDa cellular phosphoprotein initially shown to interact with the
C terminus of the adenovirus E1A oncoprotein using the consensus
motif PXDLSX(K/R) (Schaeper et al., 1995; Sollerbrant et al., 1996).
While most of the CtBP-interacting proteins identiﬁed to date
contain this consensus motif, a different motif, PLSLVXK, has been
shown to be required for Hairy and XTcf-3 interaction (Poortinga
et al., 1998; Brannon et al., 1999). Mammalian and Drosophila CtBP
encode two evolutionarily conserved isoforms, long and short
(Mani-Telang and Arnosti, 2007). They differ by the conserved
extension at the C-terminus of the long isoform that undergoes the
posttranscriptional modiﬁcation by SUMO, required for nuclear
localization of CtBP1 (Kagey et al., 2003). CtBP proteins have been
shown to function as co-repressors in vitro (Turner and Crossley,
1998). In the case of mCtBP1, the repression was shown to be
trichostatin A (TSA)-sensitive, suggesting a role for histone
deacetylases (HDACs) (Criqui-Filipe et al., 1999). Together these
observations suggest that CtBP functions through alteration of local
chromatin structure.
Elegant biochemical and genetic studies from M. Levine and S.
Parkhurst laboratories have revealed that dCtBP functions during
Drosophila embryonic development as a corepressor that interacts
with Knirps, Snail, and Hairy (Nibu et al., 1998; Poortinga et al.,
1998). Lack of maternal contribution induces segmentation defects
in embryo, whereas the removal of zygotic activity is associated
with the development of ectopic sensory organ (Poortinga et al.,
1998). It has been shown in Drosophila that the repression of Notch
target genes by Su(H) is mediated by Hairless and dCtBP (Morel
et al., 2001). Hairless antagonizes Notch signaling activity by
recruiting dCtBP to repress Notch target gene expression. The
activation of the Notch receptor would then lead to a competition
between the NICD and Hairless to assemble DNA-bound regulatory
complexes of opposite activities.
Here we demonstrated that dCtBP acts as a negative regulator for
sensory organ patterning. Loss-of-function dCtBP mutant exhibits
ectopic DC macrochaetaes, while over-expression of dCtBP is
characterized by dramatic loss of the thoracic sensory organs.
These phenotypes are correlated with a mis-emergence of the
sensory organ precursors and a perturbated expression of the
proneural transcription activator Ac. It was shown that mCtBP-1
binds FOG proteins through a PIDLSKR consensus domain (Fox et al.,
1999). We showed that dCtBP can bind directly via PLDLS motif to the
Drosophila FOG protein, Ush, a repressor of the GATA-1 transcriptionfactor Pnr. Moreover, dCtBP directly interacts with Pnr and acts as a
co-repressor of the Pnr-mediated proneural activation of ac/sc. In
addition, we demonstrated that the genetic interaction between Pnr
and dCtBP interacting corepressor, HDAC1, is functional and con-
tributes to Drosophila sensory organ development.
Materials and methods
Fly stocks and genetics
All ush alleles were ethyl methanesulfonate (EMS) induced, except
ushEX1 and ushVX22 (X-ray). We found ushEX1, ushE2, ushE4, ushE5, Df(2L)
ushE6, ushE9 and ushE14 as dominant enhancers of pnrD1, pnrD2 or pnrD3
(N=70000 pnrD/+ ﬂies); ushVX22 in trans with the viable allele ushE2
(N=10000 ﬂies); ushVE25 and ushVE26 in trans with the null allele
ushVX22 (N=30000 ﬂies); ushVE27 as a dominant enhancer of ChipE
(N=100000 ﬂies); ushVE29 and ushVE30 in trans with the lethal allele
ushVE27 (N=30000 ﬂies). ushIIA102 and ushl(2)19were obtained from the
Tübingen stock center, and ushQ41 from Julia Zeitlinger. The following
transgenic or mutant lines were previously described: pnrMD237[Gal4],
pnrVX4, pnrVX6 and pnrD1 (Heitzler et al., 1996); apMD544[Gal4] (Calleja
et al., 1996); dCtBP87De and dCtBPP1590 (Poortinga et al., 1998),
dCtBPrev19 (Milchanowski et al., 2004), dCtBPPZ03463 and dCtBPEY03427
(Bloomington), dCtBPGS15006 (DGSP); dSin3Aex4 (Pennetta and Pauli,
1998), dSin3AdQ4, dSin3AHW52 and dSin3Ae374 are gift of D. Pauli;
HDAC1303, HDAC1313, HDAC1326, HDAC1def24 (Mottus et al., 2000) are
gift of R. Mottus, HDAC104556 (Bloomington). pnr-Gal4 UAS-dsRed and
pnrD1 HDAC1326 were obtained by recombination on the 3rd chromo-
some. Bristles statistics was performed as following: all crosses were
conducted at 25 °C on a standard medium, crowding was controlled
carefully because this factor affects bristle development. To determine
the bristle phenotypes, we visually estimated the number of bristles
on the dorsal cuticle of thirty females. The Student test was used
(pb0.05) to assess the signiﬁcance of changes in the bristles number of
wild type and mutant ﬂies.
Plasmids
The Drosophila dCtBP long isoform, dCtBPL, Ush and Pnr were
cloned into pUAST (Brand and Perrimon, 1993) or pAc5.1 B
(Invitrogen) containing a ﬂag- or myc-epitope tag for transient
expression in S2 cells. For GST pull down assay, wild type dCtBP
long isoform and its mutant derivatives, CAT-, DIM-, and NAT-(gift of
D. Arnosti) were subcloned into pGEX-2T (Novagen). GST-dCtBPΔN
and ΔC termini, PnrD1, PnrΔH, Ush- and Pnr-AAAAA mutants were
generated by Site Directed Mutagenesis kit (Stratagen). pPAC5C-
myc-Ac, pPAC5C-myc-Da, and PnrΔZf were described in (Biryukova
and Heitzler, 2005). cDNA of dRpd3/dHDAC1 (gift of M. Mannervik)
and mSin3A (gift of Don Ayer) were subcloned into pUAST. DC-ac-
luciferase reporter was made by subcloning of the DC enhancer (1.4 kb
minimal enhancer) and minimal ac promoter (0.7 kb minimal
promoter) into pGL3 Basic (Promega). pAc5.1-lacZ plasmid encoding
β-galactosidase (β-gal) was purchased from Invitrogen.
Cell culture, transient transfection, biochemical interaction assays
S2 cells were cultured in Schneider cell medium (Gibco BRL)
with 10% fetal calf serum under standard condition and transfected
using Effectine reagent (Qiagen). For immunoprecipitations, protein
extraction from S2 cells, cell lysis, ﬂag fusion protein immunopre-
cipitation and elution were performed according to the Flag-Tagged
Protein Immunoprecipitation Kit protocol (Sigma). Interacting
proteins were detected by an anti-ﬂag antibody (Ab), 2B8 mouse
monoclonal anti-Pnr mAb and 1D5 mouse monoclonal anti-Ush
mAb (Haenlin et al., 1997). GST pull down assays were performed as
described in Torigoi et al. (2000).
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Transfection was perfomed in the 6-well plates. S2 cells were
splited a day before transfection, at 1.0×106 cell/ml density. 0.5 μg of
the DC-ac-luciferase reporter and plasmids expressing 100 ng of Pnr,
dCtBP, Rpd3, Sin3A and Ac/Da were cotransfected using Effectene
transfection reagents (Qiagen) according to the manufacture protocol.
Total protein extract from 48 h posttransfected S2 cells was assayed as
described in the Luciferase Assay System protocol (Promega). As a
control of transfection efﬁciency, the pAc5.1-lacZ plasmid expressing
β-galactosidase was used. Three independent transfections were
performed.
Immunostaining and confocal microscopy
Third instar larval wing discs were ﬁxed in 4% formaldehyde in
PBS for 10 min at room temperature. Immunostaining was carried
out according to standard procedures. Primary antibodies and
dilutions used were: rabbit anti β-gal (1:500; Sigma, Cappel),
mouse anti β-gal (1:500; Sigma, Cappel), mAb α-Ac (DSHB, 1:250),
guinea pig α-Sens (1:2000; gift of H. Bellen). For ﬂuorescence
staining, secondary antibodies (Jackson) coupled with Cy3 or Alex
a488 were used at 1:1000. Images of the Drosophila imaginal wing
discs were taken on Leica Microscope SP2 at 15–20 focal planes and
assembled using an in-house developed software tcstk. To compare
the levels of Ac and the DC-lacZ reporter expression in differentFig. 1. dCtBP is required for development of adult sensory organs. (A) Schematic representati
triangles. (B–D) Cuticle preparation of adult ﬂy thoraces. (B) Wild type thorax exhibits in
Overexpression of dCtBP (ap-Gal4 UAS-dCtBPGS15006) leads to severe loss of sensory organs. (D
(E–I) Confocal projection images of wing imaginal discs during third instar larval stage, ante
ubiquitously expressed in the wing discs (shown in green). (F) Inwild typewing discs, the sen
(G) dCtBP (green) is expressed within the SOPs that expressed the proneural transcription f
organ precursor, expressing dCtBP (green) and Sens (red) (E–G, I). (H) Overexpression of dC
marked by Sens expression (red). (I) Loss of function dCtBP mutant EY03427 shows extra Dgenotypes, immunostaining of 30–40 imaginal discs were analyzed
per each genotype by ImageJ tool.
Results
dCtBP mutants affect patterning of the adult peripheral nervous system
dCtBP is required for embryonic segmentation and Hairy-mediated
transcriptional repression (Poortinga et al., 1998). Loss of both
maternal and zygotic contribution of dCtBP, in null or a strong
hypomorphic alleles such as dCtBPP1590, leads to an embryonic
lethality with strong segmentation defects similar to the pair-rule
loss-of-function phenotype observed in hairy− mutants (Poortinga
et al., 1998). The P1590 strain carries a homozygous lethal insertion
within the dCtBP transcription unit. Homozygous ﬂies die as pharate
adults and exhibit duplicated and ectopic bristles also consistent with
a hairy− phenotype (Poortinga et al., 1998). Moreover, we observed
extra dorsocentral (DC) sensory organs in hypomorphic dCtBP
mutants (Fig. 1D), a phenotype that cannot be attributed to the loss
or reduced activity of hairy. This phenotype is different from the
neurogenic phenotype, expected from the loss of the E(spl)-complex
hairy-related genes. Finally, this phenotype is not related to the loss
of Hairless, an antagonist of Notch signaling, that recruits dCtBP as a
corepressor (Morel et al., 2001). Therefore, we concluded that extra DC
phenotype might be related to reduced activity of another dCtBP-
interacting factor.on of the dCtBP locus, gene regions are shown by black bars, insertions of transposon by
dorsocentral region two row of large bristles (ADC and PDC) (shown by arrow). (C)
) Loss of dCtBP function mutant EY03427, showing ectopic DC bristles (shown by arrow).
rior part is to the left, anterior part is to the top. (E) dCtBP (dCtBP-lacZ strain PZ03463) is
sory organ precursors are committed during late third instar larval stage (shown in red).
actor Sens (red); in the right upper corner, high magniﬁcation insets of the DC sensory
tBP (GS15006) using ap-Gal4 results to partial loss of DC (shown by arrow) and SC SOPs
C SOPs in dorsocentral region.
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on the development of the adult PNS, we systematically analysed
phenotypes of the dCtBP gain and loss of function mutants. Gain of
function dCtBP mutants were induced by ectopic expression of dCtBP
in thewing discs using strong drivers, pnr-Gal4 speciﬁc to themedium
thorax and ap-Gal4, expressed in the thorax and wings. Overexpres-
sion of dCtBP using the UAS enhancer-trap line GS15006 (Fig. 1A) by
ap-Gal4 results in a drastic loss of thoracic sensory bristles (Fig. 1C)
compared with wild type (Fig. 1B). The Drosophila adult sensory organ
emerges from a sensory organ precursor (SOP), a single cell selected
from a cluster of equivalent cells expressing the proneural factors Ac/
Sc during third instar larval stage. Therefore, we analysed SOP
formation in wing discs using an antibody against the proneural
transcription factor Senseless (Sens) that is speciﬁcally expressed in
SOPs. Wild type ﬂies exhibit 4.0±0.01 DC bristles per thorax (Fig. 1B),
and this amount of sensory organs correlates with the number of the
DC SOPs (Fig. 1F). In ap-Gal4NdCtBP gain of function ﬂies, the DC and
SC sensory organ precursors are absent (Fig. 1H, compared with wild
type Fig. 1F), consistently with the loss of sensory organs observed in
adult ﬂies (Fig. 1C). The activation of GS15006 by the strong driver pnr-
Gal4, leads to an early pupal lethality (not shown). Conversely, dCtBP
null ﬂies that are lethal as pharate adults have extra bristles (Poortinga
et al., 1998). We analysed the phenotype of a viable hypomorph dCtBP
mutant, EY03427 (Fig. 1D). Homozygous EY03427 ﬂies have a
signiﬁcantly increased number of ectopic sensory organs (DC bristles
5.1±0.16) (Fig. 1D, Table 1) compared with wild type (Fig. 1B). Analysis
of the SOP formation in EY03427 revealed that lack of dCtBP induces
emerging of ectopic SOPs including extra DC SOPs (Fig. 1I).
To understand the relationship between dCtBP and the DC sensory
organ development, we analyzed the pattern of dCtBP expression
using the dCtBP-lacZ strain, PZ03463 (Fig. 1A) during third instar in the
presumptive notum. The expression of lacZ was detected by an anti-Table 1
Ush exhibits genetic interaction with dCtBP
Gene Allele Description Genotype Number of
the DC±SD
Comparision
dCtBP dCtBPrev19 Null dCtBPrev19/+ 4.03±0.18 –
EY03427 Hypomorph EY03427/+ 4.1±0.30 –
EY03427 5.13±0.16 2.2
Ush ushVX22 Null ushVX22/+ 4.1±0.30 –
ushVX22/+; dCtBPrev19/+ 4.23±0.50 1.7 ns
ushEX1 Null ushEX1/+ 4.03±0.18 –
ushEX1/+; dCtBPrev19/+ 4.2±0.48 0.25 ns
ushIIA102 Null ushIIA102/+ 4.03±0.18 –
ushIIA102/+; dCtBPrev19/+ 4.1±0.30 0.25 ns
ushE9 Null ushE9/+ 4.03±0.18 –
ushE9/+; dCtBPrev19/+ 4.06±0.25 0.25 ns
ushVE20 Null ushVE20/+ 4.03±0.18 –
ushVE20/+; dCtBPrev19/+ 4.16±0.38 0.25 ns
ushE4 Null ushE4/+ 4.03±0.18 –
ushE4/+; dCtBPrev19/+ 4.16±0.37 0.25 ns
ushE14 Null ushE14/+ 4.03±0.18 –
ushE14/+; dCtBPrev19/+ 4.2±0.40 0.25 ns
ushE5 Null ushE5/+ 4.03±0.18 –
ushE5/+; dCtBPrev19/+ 4.1±0.30 0.25 ns
ushVE27 Hypomorph ushVE27/+ 4.03±0.18 –
ushVE27/+; dCtBPrev19/+ 4.43±0.67 2.8
ushQ41 Hypomorph ushQ41/+ 4.03±0.18 –
ushQ41/+; dCtBPrev19/+ 4.03±0.18 0.37 ns
ushVE30 Hypomorph ushVE30/+ 4.03±0.18 –
ushVE30/+; dCtBPrev19/+ 4.1±0.30 0.25 ns
ushVE29 Hypomorph ushVE29/+ 4.03±0.18 –
ushVE29/+; dCtBPrev19/+ 4.03±0.18 0.32 ns
ushVE25 Hypomorph ushVE25+ 4.03±0.18 –
ushVE25/+; dCtBPrev19/+ 4.1±0.40 0.25 ns
ushVE26 Hypomorph ushVE26/+ 4.03±0.18 –
ushVE26/+; dCtBPrev19/+ 4.1±0.30 0.25 ns
The DC bristle scoring was compared using a Student's t test. 30 female thoraxes were
analyzed per each genotype (N=30). Results were considered signiﬁcant when a P value
of 0.05 or less and tN2. Abbreviations: SD — standard deviation, ns — non-signiﬁcant.β-gal polyclonal rabbit antibody (Fig. 1E). We found that dCtBP is
ubiquitously expressed in the wing discs, including sensory organ
precursors (Fig. 1G) marked by Sens expression (Figs. 1F, G).
Revisiting the genetics of the Drosophila Friend of GATA transcription
factor U-shaped
The best candidate for a dCtBP-interacting factor that plays a role in
the adult PNS patterning, is U-shaped (Ush). Ush contains a dCtBP-
interacting domain PLDLS, as its mammalian counterparts Friend of
GATA-1, FOG-1 and FOG-2, (Sollerbrant et al., 1996; Fox et al., 1999;
Chinnadurai, 2007). Besides, the Ush-dCtBP interactions has not been
explored so far in Drosophila. Ush is a large nuclear protein containing
nine zinc ﬁngers (ﬁve C2HC ﬁngers and four C2H2 ﬁngers) clustered in
the amino- and carboxyl termini of the protein (Cubadda et al., 1997;
Fig. 2A). Ush is a cofactor of Pannier (Pnr), the Drosophila GATA-1
ortholog, and acts as a repressor when Pnr is activating the proneural
genes (Cubadda et al., 1997). Ush speciﬁcally binds to the amino-
terminal Zn ﬁnger of Pnr through its C2HC domains and negatively
regulates the proneural activity of Pnr in the dorsal-most region of the
wing discs.
To explore functional links betweendCtBPandUshduring adult PNS
development, we analysed genetic interactions between dCtBP and ush
loss of function mutations. We ranged the available ush mutants in
three categories, according to their phenotypes: 1) embryonic lethal,
2) viable and 3) larval lethal.
First, ushVX22, ushEX1, ushIIA102, ushE9, ushVE20, ushE4, ushE14, ushE5
and ushl(2)19 mutants die as U-shaped embryos (Nüsslein-Volhard
et al., 1984, Fig. 2A and Table 1). They all represent typical amorphic
alleles since their phenotype is indistinguishable from that observed
for embryos homozygous for larger genomic deletions (Cubadda et al.,
1997), including Df(2L)ushE6.
Second, the hypomorphic viable mutants ushQ41, ushVE30, ushVE29,
ushVE25, ushVE26 and ushE2 can reach adulthood. ushQ41, ushVE30 and
ushVE29 mutants die as pharate adults, occasionally, giving adult
escapers with a prominent thoracic cleft (not shown). ushVE25, ushVE26
and ushE2 mutant ﬂies are wild type. However, in hemizygous
conditions, a mild cleft appears on the medium thorax. ushVE25,
ushVE26 and ushE2 represent therefore the weakest alleles.
The third category of ushmutants, reported here, implies only one
allele, ushVE27. ushVE27 animals die as ﬁrst-instar larvae, or, occasion-
ally, as embryos with an anterior hole (not shown). ushVE27 is a unique
lethal allele since it allows normal germ band retraction. ushVE27
represents most likely a strong hypomorphic allele.
To test whether dCtBP and ush can act synergistically to repress the
sensory organ development in the medium thorax, we analyzed the
bristle phenotype in ﬂies trans-heterozygous for the null allele
dCtBPrev19, and a loss of function ush alleles described above (Table
1). Among all the above-mentioned mutants, only ushVE27 shows
strong synergismwith dCtBPrev19 (Table 1). ushVE27/+; dCtBPrev19/+ ﬂies
show a statistically signiﬁcant enhancement of DC bristle phenotype,
4.43±0.67, compared with the controls, ushVE27/+4.03±0.18 and
dCtBPrev19/+4.03±0.18.
The molecular analysis of the ush alleles revealed that nearly all
alleles encode a truncated protein and the severity of the phenotype is
correlated with the length of the remaining Ush protein (Fig. 2A). The
strong hypomorph ushVE27 encodes a truncated protein with the N-
terminal half, containing the ﬁrst three Zfs, suggesting that these
motifs are sufﬁcient to allow normal embryogenesis. With the
exception of ushl(2)19, which has not been found within the coding
sequence and most probably resides in regulatory sequences, all
strong alleles encode a more severely truncated protein (Fig. 2A).
ushVX22 encodes a protein lacking all Zf domains and we therefore
referred ushVX22 as an amorphic mutant. In adition, all the other ush
null alleles lack the nuclear localisation site (NLS), including ushE5,
that bears the same Zfs as ushVE27. The hypomorphic nature of ushVE27
Fig. 2. dCtBP exhibits genetic and biochemical interaction with Ush. (A) Molecular mapping of the ush loss-of-function alleles. Schematic representation of Ush wild type (wt) and
mutant proteins. C2HC zinc ﬁngers are shown in red and C2H2 zinc ﬁngers in grey, the PLDLS motif in black rectangles, NLS motifs are depicted by green squares. The number of
aminoacids (aa) in parentheses corresponds to the total length of the predicted Ush protein including aminoacids added from a frame shift. ushIIA102 was described in Nüsslein-
Volhard et al., (1982) (NV) and ushQ41 in Zeitlinger, ﬂybase (Z). (B) Schematic representation of Ush and dCtBP proteins tested for biochemical interaction. (C) Western blot analysis
showing anti-ﬂag co-immunoprecipitation of myc-dCtBP by anti-Flag antibody recognized a ﬂag-Ush recombinant protein (upper panel) expressed and puriﬁed from transient
transfected Drosophila S2 cells (lane 2). As control, transfection by myc-dCtBP alone was used, no immunoprecipitation of myc-dCtBP was observed (lane 1). The loading controls for
immunoprecipitation assay are indicated on the lower panel. (D) GST pull down assay showing an interaction between GST-tagged dCtBP and 35S labeled in vitro Ush full lenght
(upper panel, lane 2), but not GST alone (lane 3). A fragment of Ush protein (348–677 aa), containing a PLDLS-motif is required for interaction to GST-dCtBP (middle panel, lane 2).
Replacement of PLDLS motif of Ush into AAAAA abolishes GST-dCtBP/Ush interaction (lower panel, lane 2).
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ushVE27, the ushQ41, ushVE30 and ushVE29 semi-viable alleles, that encode
a barely longer truncated protein, carry an intact PLDLS domain.
Finally, ushVE25 and ushVE26, lacking the 9th and the 4th Zf domain
(both C2HC type) respectively (Fig. 2A), result in a very mild pheno-
type. ushE2, a similar allele, encodes wild type Ush protein, and this
mutation most probably affects regulatory sequence.
It has been proposed that the number of C2HC Zfs, within the FOG
proteins, has evolutionary increased presumably for ﬁne tuning the
activity of the GATA factors (Fox et al., 1999). We found that, when NLS
is present, the severity of the phenotype is correlatedwith the number
of C2HC Zfs in truncated Ush protein. We observed that ushVE27 allele,
encoding a functional protein but lacking the dCtBP-interacting motif
PLDLS, is the only ush allele that synergistically interacts with dCtBP.
We then decided to explore further the interactions between Ush and
dCtBP.
ush interacts physically with dCtBP
To test whether genetic interaction between Ush and dCtBP in
Drosophila results from their biochemically interaction, we performed
a cotransfection of plasmids expressing ﬂag-Ush and myc-dCtBP inFig. 3. dCtBP genetically interacts with Pnr. (A–C, G–J) Confocal projection images of wing disc
the dorsalmost region of wing discs (red). (B) dCtBP expression (green) overlaps with Pnr
carrying four DC bristles. (E) Flies carring one copy of the constitutively active form of P
heterozygous pnr D1/dCtBP rev19, extra sensory organ phenotype of pnrD1 is enhanced by dCtBP
expression (red) inwild type (G), pnr D1/+(H), dCtBP rev19/+(I) and pnr D1/dCtBP rev19 (J) wing disDrosophila S2 cells (Fig. 2B). Expression of dCtBP was detected by
anti-Myc antibody, and Ush was detected by 1D5 mouse monoclonal
anti-Ush antibody. Anti-ﬂag coimmunoprecipitation was performed
using anti-FlagmAb, and immunoprecipitated proteinwere revealed by
anti-Myc and1D5mAb. As revealedbywestern blot analysis,myc-dCtBP
is co-immunoprecipitated by ﬂag-Ush (Fig. 2C). To determine whether
this interaction is direct, we performed GST pull down assay. Bacterially
expressed GST-dCtBPwas tested for interactionwith 35S labelled in vitro
translated Ush (Fig. 2B). We detected that both the Ush full length (Fig.
2D, upper panel) and the Ush fragment (348–677 aa) (Fig. 2D, middle
panel) containing the PLDLS motif (Fig. 2B), interact with GST-tagged
dCtBP. Substitution of the PLDLS domain to Ala pentamer (Figs. 2B, D) in
the testedUsh fragment (348–677 aa) abolishes this interaction (Fig. 2D,
lower panel). Therefore we concluded that the PLDLS motif is essential
for interaction with dCtBP.
CtBP functions via recruitment of histone deacetylase 1 (HDAC1)
through a repression mechanism involving alteration of local
chromatin structure (Mannervik and Levine, 1999; Chinnadurai,
2007). To examine the impact of HDAC1 on Ush-mediated repression
of the bristle development, we analysed genetic interaction between
HDAC1 and a representative ush allele of each above-mentioned
category. We tested missense HDAC1303, HDAC1313, HDAC1326 mutantss during third instar larval stage. pnr-Gal4 UAS-dsRed/dCtBP-lacZ: (A) Pnr is expressed in
within dorsal region of the wing discs (C). (D–F) Thoraces of adult ﬂies, (D) wild type,
nr, pnr D1/+exhibit extra DC and SC sensory organs (shown by arrow). (F) In double
rev19 (shown by arrow). Analysis of emerging sensory organ precursor detected by Sens
cs. In the left lower corner, highmagniﬁcation insets of the DC sensory organ precursors.
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and HDAC1 null mutants, HDAC1def24 (Mottus et al., 2000) and
HDAC104556 (ﬂybase). We found that bristle phenotype of ushVX22,
ushVE27 and ushQ41 mutants is not modiﬁed by HDAC1 mutants. Our
results suggest that dCtBP could mediate the repression function of
Ush during sensory organ development in a HDAC1-independent
manner.
dCtBP exhibits genetic interaction with the proneural activator Pnr
Recently, a novel interaction between GATA factor and CtBP has
been described in mosquito (Martin et al., 2001). In Drosophila,
Pannier (Pnr) is a GATA transcription factor required for early step of
proneural gene activation (Ramain et al., 1993; Haenlin et al., 1997;
Asmar et al., 2008). Therefore, we wonder whether the GATA–CtBP
interaction is conserved and functional in Drosophila. Pnr is known to
be expressed in the dorsal most part of the wing discs (Fig. 3A). We
analysed localization of Pnr and dCtBP in wing discs by immunohis-
tochemical analysis using a Drosophila strain carrying a combination
of pnr-Gal4NUAS-dsRed and an enhancer trap β-galactosidase (β-gal)
gene inserted at the dCtBP locus (PZ03463). We found that Pnr domain
of expression is colocalizedwith dCtBP inwing discs (Figs. 3B, C). Since
dCtBP loss-of-function mutants display additional DC and SC bristles,
whereas loss of Pnr activity induces loss of these bristles, we proposed
that dCtBP may have antagonistic neural activities. We therefore
hypothesized that dCtBP can regulate proneural prepattern through
interaction with Pnr. Hence, we searched for genetic interactions
between Pnr and dCtBP (Table 2). We found that loss-of-function
mutant, dCtBPrev19 acts as a dominant enhancer of the pnrD1 ectopic
bristle phenotype. The pnrD1 allele encodes a constitutive activator of
ac/sc that lacks its ability to bind Ush (Cubadda et al., 1997). pnrD1/+
ﬂies exhibits extra DC (4.7±0.13) and scutellar (SC) sensory organs
(Fig. 3E, Table 2) compared with wild type (Fig. 3D). This phenotype is
enhanced in pnrD1/dCtBPrev19 ﬂies (DC bristles 6.6±0.18) (Fig. 3F). We
analysed the SOP emerging in the presumptive notum of pnrD1/
dCtBPrev19 larvae, using Sens antibody as a SOP speciﬁc marker. In theTable 2
Pnr exhibits genetic interaction with dCtBP and dCtBP interacting genes, HDAC1/Rpd3
and dSin3A
Gene Allele Description Genotype Number of
the DC+SD
Comparision
pnr pnrD1 Antimorph pnrD1/+ 4.7±0.7 –
dCtBPrev19/PnrD1 6.6±1.03 4.60
pnrVX4 Antimorph pnrVX4/+ 3.7±0.40 –
dCtBPrev19/pnrvx4 4.03±0.18 2.87
pnrVX6 Null pnrVX6/+ 4.0±0.01 –
dCtBPrev19/pnrvx6 4.0±0.01 0.34 ns
dCtBP dCtBPrev19 Null dCtBPrev19/+ 4.03±0.18 –
HDAC1/
Rpd3
HDAC1def24 Null HDAC1def24/+ 4.0±0.01 –
HDAC1def24/PnrD1 5.5±0.82 2.80
HDAC104556 Null HDAC104556/+ 4.0±0.01 –
HDAC104556/PnrD1 5.4±1.00 2.35
HDAC1303 Loss of
function
HDAC1303/+ 4.0±0.01 –
HDAC1303/PnrD1 5.36±0.76 2.30
HDAC1313 Loss of
function
HDAC1313/+ 4.0±0.01 –
HDAC1313/PnrD1 4.76±0.77 0.30 ns
HDAC1326 Loss of
function
HDAC1326/+ 4.0±0.01 –
HDAC1326/PnrD1 5.33±0.84 2.10
Null HDAC1def24 7.23±1.13 2.10
PnrD1/dCtBPrev19
dSin3A dSin3Aex4 Loss of
function
dSin3Aex4/+ 4.0±0.01 –
dSin3Aex4/PnrD1 4.9±0.76 0.60 ns
dSin3AQ4 Loss of
function
dSin3AQ4/+ 4.0±0.01 –
dSin3AQ4/PnrD1 5.46±0.22 2.17
dSin3AEK14 Loss of
function
dSin3AEK14/+ 4.0±0.01 –
dSin3AEK14/PnrD1 4.66±0.80 0.33 ns
dSin3AHW52 dSin3AHW52/+ 4.0±0.01 –
dSin3AHW52/PnrD1 4.36±0.55 1.30
Abbreviations are the same as in Table 1.wild type notum, Sens expression is restricted to the SOP's at early
pupal stage (Fig. 3G). pnrD1/+ and dCtBPrev19/+ exhibit ectopic SOPs
(Figs. 3H and I, respectively). Interestingly, in the pnrD1/dCtBPrev19
combination, a synergistical increase of extra SOPs (Fig. 3J) was
observed, compared with the controls, pnrD1/+ and dCtBPrev19/+ alone.
To test genetic synergism further, we analysed whether dCtBPrev19
is a dominant suppressor of pnrVX4. pnrVX4 encodes a dominant
negative protein, lacking the two carboxy-terminal α-helices (Ramain
et al., 1993). Heterozygous ﬂies pnrVX4/+ lack occasionally one DC
bristle (3.7±0.13; Heitzler et al., 1996), while pnrVX4/dCtBPrev19 ﬂies
show a statistically signiﬁcant increase of the DC bristles (4.03±0.18)
(Table 2). Flies lacking both a copy of dCtBP and pnr, pnrVX6/dCtBPrev19,
have no signiﬁcant difference in the DC bristle number 4.00±0.0
compared with pnrVX6/+ ﬂies 4.00±0.0 (Table 2). Therefore, we
concluded that dCtBP genetically interacts with Pnr and this
interaction is functional for the sensory organ patterning. Thus, we
decided to investigate further the dCtBP–Pnr interaction at molecular
and cellular levels.
dCtBP downregulates the Pnr-mediated activation of the proneural ac
gene expression
To test whether dCtBP is a novel co-repressor of Pnr, we
examined the expression of a downstream Pnr target, the proneural
transcription factor Ac in the developing proneural clusters. Ac is
expressed in proneural clusters of wild type wing discs during late
larval stages (Fig. 4A) and reaches the highest level in the early pupal
stage. We found that Ac expression is colocalized with dCtBP (Figs. 4B,
C). Reduced activity of dCtBP (EY03427) results in enlarged Ac
expression in the dorsocentral region (Fig. 4D), while overexpression
of dCtBP (ap-Gal4NdCtBPGS15006) leads to reduced level of Ac
expression (Fig. 4E). Analysis of Ac expression in ﬂies lacking one
copy of dCtBP+ (dCtBPrev19/+) revealed that Ac expression is increased
in 1.7 fold in the DC cluster (Fig. 4G), while in pnrD1/+ 2.5 fold increase
was observed (Fig. 4H), comparedwith wild type (Fig. 4F). Besides, in a
double mutant dCtBPrev19/+; pnrD1/+, Ac expression is broadly
expanded in 1.9 fold (Fig. 4I) compared with pnrD1/+ (Fig. 4H).
dCtBP exhibits multivalent interactions with Pnr
To understand the mechanism how dCtBP functions during the
Pnr-dependent activation of the proneural gene expression, we
explored functional biochemical interaction between Pnr and dCtBP.
We performed cotransfection of plasmids expressing ﬂag-dCtBP and
Pnr in Drosophila S2 cells. Expression of dCtBP was detected by anti-
Flag antibody and Pnr was detected by mouse monoclonal 2B8
antibody generated against Pnr (Haenlin et al., 1997). Anti-ﬂag
coimmunoprecipitation was performed using anti-Flag mAb, immu-
noprecipitated proteinwas revealed by 2B8mAb.We found that Pnr is
coimmunoprecipitated by anti-Flag antibody recognizing Flag-dCtBP
(Fig. 5A). To determine whether this interaction is direct, we
performed GST pull down assay (Figs. 5B–C). Bacterially expressed
GST-dCtBP was tested for interaction with 35S labelled in vitro
translated Pnr. We found that Pnr interacts with GST-dCtBP (Fig. 5C,
lanes 1–2), but not GST alone (Fig. 5C, lane 3). Therefore we concluded
that the dCtBP directly heterodimerizes with Pnr.
To map more precisely the domain of Pnr–dCtBP interaction,
we analysed primary sequence of Pnr. Pnr protein contains two
N-terminal Zinc ﬁngers (Zf) and two C-terminalα-helices (H) (Fig. 5B).
We found out that Pnr does not bear a canonical dCtBP-binding
motif — PXDLSXK/R, that is identiﬁed in different dCtBP-interacting
proteins (Chinnadurai, 2002), but rather PSLSLER, that might
represent a divergent dCtBP binding motif. Using site-directed
mutagenesis, we generated a Pnr mutant that carries a PSLSL motif
(312–316 aa) mutated to Ala pentamer—AAAAA. Analysis of Pnr–
dCtBP interaction by GST pull down assay showed that this motif is not
Fig. 4. dCtBP downregulates proneural expression of Ac. (A–E) Confocal projection images of wing imaginal discs during third instar larval stage. Proneural transcription factor Ac is
expressed (red) in the proneural clusters (A). The DC proneural cluster is shown by arrow. Ac expression is colocalized with dCtBP (green) (C). (D) Loss of dCtBP function mutant
EY03427 exhibits expanded Ac expression in dorcocentral region (shown by arrow). (E) Activation of dCtBP (ap-Gal4 UAS-dCtBPGS15006) results to loss of Ac expression in the DC
and SC clusters in the dorsalmost region of imaginal discs. (F–I) Insets showing Ac expression (red) in the DC site of wing discs inwild type (F), dCtBP rev19/+(G), pnr D1/+(H), and pnr D1/
dCtBP rev19 (I). Note the expanded Ac expression in double mutant pnr D1/dCtBP rev19, compare with heterozygote mutants pnr D1/+(H) and dCtBP rev19/+(G).
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a putative dCtBP-interaction domain in Pnr and we tested interaction
between GST-dCtBP and Pnr mutant proteins lacking either two Zf
(ΔZf) or two α-helices (ΔH), and PnrD1 carrying the C169Y substitu-
tion in Zf1 (Fig. 5B–C). This mutation disrupts the secondary structure
folding of the ﬁrst Zinc ﬁnger and abolishes the interaction with the
repressor of Pnr, Ush. We found that dCtBP–Pnr interaction is partially
reduced in the ΔZf and the ΔH mutants (Fig. 5C, lanes 7–12).
Moreover, the GST-dCtBP and PnrD1 interaction is barely affected (Fig.
5C, lane 13–15). Therefore, we concluded that the Zfs and α-helix
domains of Pnr might be required for association with dCtBP. Besides,
the PSLSL motif is not essential for complexing of Pnr with dCtBP.
In order to map the Pnr-interacting domain on the dCtBP protein,
we analyzed the organization of dCtBP domains and their requirement
for interaction with Pnr (Figs. 5D–E). Members of the CtBP family
share a central domain with high degree of similarity, called the NAD-
binding domain (NAD domain) and composed of conserved glycine
residues and a substrate-binding fold (Chinnadurai, 2002). CtBP
proteins form dimers via the Dimerization domain (DIM domain)
containing four arginine residues predicted to be situated on the
dimer interface (Mani-Telang et al., 2007). The C-terminal catalytic
domain (CAT domain) carrying conserved histidine residue is involved
in the dehydrogenase activity of CtBP (Mani-Telang et al., 2007). We
analysed levels of Pnr association with GST-dCtBP mutant derivatives
using GST-pull down assay (Figs. 5D, E). We found that point
mutations in the CAT, NAD and DIM domains of GST-tagged dCtBP
do not affect interactions with Pnr (Fig. 5E, upper panel).
In mammals, the N terminal part of mCtBP-1 (27–121 aa) is
involved in the association with CtBP interacting proteins as
demonstrated by GST-pull down assay (Criqui-Filipe et al., 1999).
Moreover, experiments with native CtBP proteins, demonstrated that
the C terminus of mCtBP-1 is required for the formation of the PLDLS
binding cleft (Lundblad, 2006). In Drosophila, the PXDLS-interactingdomain has not been identiﬁed yet. To identify the PXDLS interacting
domains in the dCtBP N and C termini and test further their
requirement for heterodimerization with Pnr, we performed protein
sequence alignment analysis using ‘Blast 2 sequences' tool (Tatusova
and Madden, 1999). dCtBP sequence between 27 and 121 aa exhibits
92% of homology to hCtBP-1, while the dCtBP C terminal sequence
(327–362 aa) shows 57% of homology to hCtBP-1.
In order to test whether these sequences are essential for
interaction with the Ush fragment carrying the dCtBP interacting
motif PLDLS, we performed GST pull down assay. The bacterially
expressed GST-dCtBPΔN carrying a deletion between 27 and 121 aa
and GST-dCtBPΔNC with double deletion 27–121 and 327–362 aa
were used for interactionwith 35S labelled in vitro translated fragment
of Ush protein (348–677 aa). We found that the Ush fragment does not
interact neither with GST-dCtBPΔN nor GST-dCtBPΔNC (data not
shown). Then we tested interaction between Pnr and the generated
dCtBP mutant versions (Fig. 5E, lower panel). The interaction between
GST-dCtBPΔN and Pnr was signiﬁcantly reduced (Fig. 5E, lanes 7–8), as
negative control GST alone was used (Fig. 5E, lane 10). Moreover,
heterodimerization between Pnr and mutant dCtBP, lacking both, the
N terminal and the C terminal conserved sequences was barely
detected (Fig. 5E, lane 9).
dCtBP downregulates the Pnr-mediated proneural activity in vivo
Pnr activates ac/sc genes via direct recruitment to the dorsocentral
(DC) enhancer that contains three functional in vivo GATA-1 binding
sites (Garcia-Garcia et al., 1999). To explore functional aspects of
dCtBP–Pnr interactions, we performed transcriptional assay using
transient transfection of Drosophila S2 cells by luciferase reporter
driven by dorsocentral (DC) enhancer and achaete (ac) promoter (Fig.
6A). Levels of the reporter were evaluated in presence of different
combinations of transcriptional factors. Co-transfection of the
Fig. 5. dCtBP exhibits biochemical interactionwith Pnr. (A) Western blot analysis showing that Pnr full lenght protein is co-immunoprecipitated with co-transfected ﬂag-dCtBP using
anti-ﬂag antibody (left panel, lane 2), but not alone (lane 1). The loading controls for co-immunoprecipitation assays are indicated on the right panel. (B) Schematic representation of
the wild type Pnr protein including functional domains and its mutant derivatives tested for their interaction with GST-dCtBP. (C) GST pull down assay showing an interaction
between GST-tagged dCtBP and 35S labeled in vitro Pnr full length and its derivatives. (D) Schematic representation dCtBP and its mutant derivates. (E) Mutant versions of GST-dCtBP
protein tested for their interactionwith in vitro synthetized 35S-labelled Pnr. Quantitation of the relative amount of heterodimerized Pnr and its mutant derivatives is indicated below
the lanes.
72 I. Biryukova, P. Heitzler / Developmental Biology 323 (2008) 64–75reporter and 100 ng of Pnr increased 4 fold the level of reporter
expression compared to the reporter alone. Adding the bHLH
proneural proteins, Da/Ac, to Pnr, stimulates the luciferase expression
50 fold. Transfection of dCtBP alone results in 2 fold increase of the
luciferase expression. Besides, adding dCtBP to the Pnr–Ac/Da
complex decreased the luciferase level in 2.5 fold. Co-transfection of
dCtBP with Ac/Da does not affect level of the luciferase expression,
compared with cotransfection of Ac/Da alone, indicating that the
dCtBP-mediated repression occurs in a Pnr-dependent manner. To
provide evidence of a dCtBP-mediated repression in vivo, we analyzed
expression of a reporter carrying the DC-ac regulatory sequences
fused to the β-galactosidase gene (DC-ac-lacZ reporter) in transgenic
wild type and pnr/dCtBP mutant ﬂies (Figs. 6B–E). Expression of this
reporter was detected by monoclonal β-gal antibody. The DC-ac-lacZ
reporter is expressed in the dorsal region of wild type wing discs
during late third instar larval stage (Fig. 6B). In dCtBPrev19/+ and inpnrD1/+, the DC-ac-lacZ expression is increased in 1.6 fold (Fig. 6D) and
2.6 fold (Fig. 6C), respectively, compared with wild type (Fig. 6B).
Moreover, in the double mutant dCtBPrev19/+; pnrD1/+, DC-ac-lacZ
expression is expanded in 3.3 fold and 1.3 fold (Fig. 6E) compared with
wild type (Fig. 6B) and pnrD1/+ (Fig. 6C), respectively. Therefore, we
concluded that dCtBP can downregulate the proneural Pnr-mediated
activation of proneural genes in vivo.
Pnr exhibits genetic interaction with HDAC1/dSin3A
Many repressor-co-repressor complexes have been hypothesized to
recruit HDACs and repress transcription by altering local chromatin
structure. Human CtBP1 has been suggested to interact with histone
deacetylase both in vitro and in vivo. To explore the mechanism by
which dCtBP might restrict the proneural activity of Pnr, we analysed
genetic interaction between HDAC1 (rdp3) (Mannervik and Levine,
Fig. 6. dCtBP antagonizes the Pnr-mediated proneural activity in vivo. (A) Functional transcription assay in Drosophila S2 cells. The relative expression of a ﬁreﬂy luciferase was
standardized to a transfection control, the β-Gal. Three independent transfections were performed. Standard deviations are indicated by error bars. (B–E) Confocal projection images
of wing discs during third instar larval stage expressing the DC-ac-lacZ construct (red) in wild type (B), pnr D1/+(C), dCtBP rev19/+ (D) and pnr D1/dCtBP rev19 (E).
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We tested the missense HDAC1303, HDAC1313, HDAC1326 alleles and the
null alleles, HDAC1def24 and HDAC104556 (Table 2). Removing one copy of
HDAC1, in the combination HDAC1def24/pnrD1 or HDAC104556/pnrD1
speciﬁcally enhances dominant phenotype of pnrD1 resulting in extra
DC sensory organs (Table 2). HDAC1303 and HDAC1326, but not HDAC1313,
behave as a speciﬁc enhancer of pnrD1, extra sensory organphenotype as
well (Table 2). In transcriptional assay in S2 cells, we observed that
cotransfection of HDAC1 and Pnr-Ac/Da decreased in 8 fold the
DC-ac-luciferase reporter expression (Fig. 6A). Besides, adding dCtBP to
HDAC1-Pnr-Ac/Da decreased the luciferase expression in 25 fold.
Cotransfection of dCtBP and HDAC1 decreased the reporter level only
in 1.25 fold. These data provide evidence that dCtBP-Pnr-HDAC1 are
required for repression of proneural ac gene expression.
Next, we combined dCtBP null mutant, dCtBPrev19, pnrD1 and
HDAC1326, in order to evaluate the genetic synergism among these
genes. We observed in the triple dCtBPrev19/HDAC1326 pnrD1 mutant,
statistically signiﬁcant enhancement of sensory organ phenotype (DC
bristles 7.2±0.17) compared with pnrD1/HDAC1326 (DC 5.3±0.17) and
to dCtBPrev19/pnrD1 (DC 6.6±0.18). These data strongly indicate a
contribution of dCtBP and HDAC1 in the regulation of sensory organ
development via repression of proneural activity of Pnr in Drosophila.
Human Sin3 is an evolutionaly conserved corepressor that exists in
different complexes with the histone deacetylases HDAC1 and HDAC2
(Kuzmichev et al., 2002). To determine the impact of dSin3A on
sensory organ development, we analysed the genetic interaction
between loss of function mutant of the Drosophila corepressor dSin3A
and pnrD1. dSin3Aex4 represents a null allele of dSin3A (Pennetta and
Pauli, 1998). Removal of one copy of dSin3A has no effect on pnrD1
phenotype (Table 2). In the combination of loss of function mutants,
dSin3AEK14 and dSin3AHW52 with pnrD1, we did not observed changesin the bristle phenotype. However, dSin3AQ4 allele acts as enhancer of
pnrD1 extra sensory organ phenotype (Table 2). In luciferase assay, we
observed that Sin3A does not synergize with dCtBP-HDAC1 for
downregulation of the DC-ac-luciferase reporter (Fig. 6A). Therefore,
we concluded that Sin3A probably is not critical for sensory organ
formation.
Discussion
In the DC region, Ush restricts the activity of Pnr within the dorsal-
most domain of Pnr (Cubadda et al., 1997; Richardson and Simpson,
2006). The DC proneural activity then takes place just adjacent to the
lateral border of Ush expression. Ush is a multiple zinc ﬁnger
transcription corepressor, containing a consensus dCtBP binding
motif-PLDLS. We demonstrated here that dCtBP genetically and
biochemicaly interacts with Ush. The PLDLS motif of Ush is required
for direct physical interactions between the two proteins. As observed
for Ush, loss-of-function dCtBP mutants have extra DC bristles,
whereas gain-of-function dCtBP mutants bristles show hypoplasia of
DC bristles. ush and dCtBP exhibit allele-speciﬁc genetic interactions.
ushVE27, the only ush allele that synergistically interacts with dCtBP,
encodes a functional protein that lacks the PLDLS motif. The
hyperplasia of DC sensory organs, observed in ushVE27/+; dCtBPrev19/+
ﬂies, is likely a consequence of enroling the truncated UshVE27 protein
into a number of Pnr–Ush complexes that are no longer able to repress
the proneural fate. Notably, in mammals, the hematopoietic zinc
ﬁnger transcription factor, Friend of GATA-1 (FOG-1), structurally
similar to Drosophila Ush, interacts with CtBP-1 during development
of the erythroid and megakaryocytic lineages (Katz et al., 2002).
However, this interaction is dispensable for normal erythropoiesis in
vivo (Katz et al., 2002). Besides, in Xenopus, the repressive activity of
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development (Deconinck et al., 2000).
It has been shown that the Ush–Pnr interaction is highly speciﬁc,
single mutations in the ﬁrst zinc ﬁnger of Pnr, strongly abolishes this
interaction (Haenlin et al., 1997). In human, a number of mutations
have been described in GATA-1 that cause severe anemia and
thrombocytopenia. These mutations map in the N terminal Zf of
GATA-1, as pnrD1 mutation in Drosophila, and disrupt the interaction
between GATA-1 and FOG proteins (Liew et al., 2005). Interestingly,
the dCtBP–Pnr interaction is barely affected in PnrD1 mutant protein.
These results emphasize the question of differential afﬁnities and
possible biochemical competition between Ush and dCtBP for Pnr.
Neither genetic synergism nor biochemical competition between
dCtBP and Ush for Pnr-mediated sensory organ development was
observed (data not shown). Rather, we found that dCtBP is able to
associate directly to Pnr. These results give further support that
corepression of Pnr needs the tripartite interactions Pnr–Ush–dCtBP
as proneural activation of Pnr also requires multiple interactions
among the activators: Pnr–dLMO–Chip–Ac/Da. Interestingly, the extra
DC bristles observed in ushVE27/+;dCtBPrev19/+ or pnrD1/dCtBPrev19 ﬂies,
are often located more dorsally with regard to extant DC, in the
domain where ush normally inhibits Pnr mediated activation of ac/sc.
These results are also consistent with a role of dCtBP as corepressor of
Pnr through binding to Ush.
Molecular analysis of dCtBP revealed two conserved domains in
the N and C termini that are required for interaction both with the
PLDLS domain of Ush and with Pnr. The regions of dCtBP required for
activation and repression are separable, and mapped to 190–273 aa
and 255–325 aa, respectively (Phippen et al., 2000). The PLDLS
interacting domains of dCtBP (21–121 aa and 327–362 aa) do not
overlap with regions described by (Phippen et al., 2000). We
determined that two conserved domains of Pnr, the Zf and α-helices
provide multivalent interaction with dCtBP. It has been shown that
other motifs than PXDLS can interact with dCtBP. For example, in the E
(spl)mδ protein, a PVNLA motif is required for direct interaction with
dCtBP (Poortinga et al., 1998). In addition, the Tramtrack (Ttk69)
protein might mediate multivalent interactions with dCtBP, requiring
the association of the BTB domain and the PXDLS motif with dCtBP
(Wen et al., 2000). Recently, Bruton and colleagues demonstrated that
CtBP1 also interacts directly with the transcriptional activation
domain (conserved region 3, CR3) of Ad5E1A and requires the
integrity of the entire CR3 region for optimal binding (Bruton et al.,
2008). The interaction appears to be at least partially mediated
through a sequence RRNTGDP very similar to a recently characterized
novel CtBP binding motif in ZNF217. Interestingly, a similar motif
resides in the Pnr Zf1, that is required for direct interactionwith dCtBP.
Previously, it has been shown that the mammalian CtBP can utilize
a repressive mechanism involving alteration of local chromatine
structure via the recruitment of the HDAC1/Sin3 complex (Chinna-
durai, 2007). We demonstrated that in the adult Drosophila PNS
development, HDAC1/dSin3A might be part of high order regulatory
network that controls and restricts the proneural activity of Pnr via the
recruitment of dCtBP during sensory organ development. Besides, the
Ush–dCtBP interaction is not sensitive to dosage of HDAC1, suggesting
that Ush–dCtBP interaction functions apparently either via a HDAC1-
independent manner or plausibly functional redundancy takes place
among Drosophila HDACs, HDAC1, HDAC2, HDAC3 and HDAC4. A
growing number of observations suggest that the recruitment and use
of HDACs is not the primary mechanism of CtBP repression. The mild
phenotypic defects associated with the Drosophila Rpd3 mutation
suggest that dHDAC1 does not represent a major pathway of
repression in the early embryo (Mannervik and Levine, 1999).
Moreover, Phippen et al. (2000) demonstrated that dCtBP is not
associated with HDAC protein or activity in low stringency immuno-
precipitates from NIH 3T3 cells, suggesting an HDAC-independent
mechanism of dCtBP-mediated repression.In addition to its role in a short range localized repression, CtBP
may also play a role in transcriptional silencing over extended regions
of the chromatin. PcG proteins have been implicated in long term
heritable gene silencing (Lund and van Lohuizen, 2004). A critical role
for dCtBP in repression mediated by the PcG proteins was identiﬁed
from studies of Atchinson et al. (2003). We found out that Polycomb
(Pc) null mutant, Pc1, genetically interacts with pnrD1, and enhances
the extra bristle pnrD1 phenotype, plausibly meaning that high order
long distance repression might be required for regulation of the
proneural ac/sc expression.
Acknowledgments
We are grateful to members of P. Heitzler team for discussion and
comments during the course of this work, Y. Schwartz and V. Pirrotta
for helpful discussion on results, I. Kolotueva for insightful comments
on the manuscript. We thank C. Ackermann, N. Arbogast, N. Jaffart, C.
Delaporte andM.-L. Nullans for technical assistance.We are grateful to
R. Mottus, D. Arnosti, D. Pauli, S. Parkhurst, H. Bellen, D. Ayer, M.
Mannervik, Bloomington, DGSP, GETDB, VDRC, Szeged for providing
ﬂy stocks, antibodies and plasmids. This workwas supported by grants
from the ARC, the CNRS, the INSERM, and the ULP. I.B. was supported
by INSERM.
References
Asmar, J., Biryukova, I., Heitzler, P., 2008. Drosophila dLMO-PA isoform acts as an early
activator of achaete/scute proneural expression. Dev. Biol. 316, 487–497.
Atchison, L., Ghias, A., Wilkinson, F., Bonini, N., Atchison, M.L., 2003. Transcription factor
YY1 functions as a PcG protein in vivo. EMBO J. 22, 1347–1358.
Biryukova, I., Heitzler, P., 2005. The Drosophila LIM-homeo domain protein Islet
antagonizes pro-neural cell speciﬁcation in the peripheral nervous system. Dev.
Biol. 288, 559–570.
Brannon, M., Brown, J.D., Bates, R., Kimelman, D., Moon, R.T., 1999. XCtBP is a XTcf-3 co-
repressorwith roles throughoutXenopusdevelopment. Development 126, 3159–3170.
Brand, A.H., Perrimon, N., 1993. Targeted gene expression as a means of altering cell
fates and generating dominant phenotypes. Development 118, 401–415.
Bruton, R.K., Pelka, P., Mapp, K.L., Fonseca, G.J., Torchia, J., Turnell, A.S., Mymryk, J.S.,
Grand, R.J. 2008. Identiﬁcation of a second CtBP binding site in adenovirus 5 E1A
conserved region 3. J Virol. In press.
Calleja, M., Moreno, E., Pelaz, S., Morata, G., 1996. Visualization of gene expression in
living adult Drosophila. Science 274, 252–255.
Calleja, M., Herranz, H., Estella, C., Casal, J., Lawrence, P., Simpson, P., Morata, G., 2000.
Generation of medial and lateral dorsal body domains by the pannier gene of
Drosophila. Development 127, 3971–3980.
Chinnadurai, G., 2002. CtBP, an unconventional transcriptional corepressor in devel-
opment and oncogenesis. Mol. Cell 9, 213–224.
Chinnadurai, G., 2007. Transcriptional regulation by C-terminal binding proteins. Int. J.
Biochem. Cell Biol. 39, 1593–1607.
Criqui-Filipe, P., Ducret, C., Maira, S.M., Wasylyk, B., 1999. Net, a negative Ras-switchable
TCF, contains a second inhibition domain, the CID, that mediates repression
through interactions with CtBP and de-acetylation. EMBO J. 18, 3392–3403.
Cubadda, Y., Heitzler, P., Ray, R.P., Bourouis, M., Ramain, P., Gelbart, W., Simpson, P.,
Haenlin, M., 1997. u-shaped encodes a zinc ﬁnger protein that regulates the
proneural genes achaete and scute during the formation of bristles in Drosophila.
Genes Dev. 11, 3083–3095.
Deconinck, A.E., Mead, P.E., Tevosian, S.G., Crispino, J.D., Katz, S.G., Zon, L., Orkin, S.H.,
2000. FOG acts as a repressor of red blood cell development in Xenopus.
Development 127, 2031–2040.
Fox, H.F., Liew, C.K., Holmes, M., Kowalski, K., Mackay, J., Crossley, M., 1999.
Transcriptional cofactors of the FOG family interact with GATA proteins by means
of multiple zinc ﬁngers. EMBO J. 18, 2812–2822.
Garcia-Garcia, M.J., Ramain, P., Simpson, P., Modolell, J., 1999. Different contributions of
pannier and wingless to the patterning of the dorsal mesothorax of Drosophila.
Development 126, 3523–3532.
Gomez-Skarmeta, J.L., Rodriguez, I., Martinez, C., Culi, J., Ferres-Marco, D., Beamonte, D.,
Modolell, J., 1995. Cis-regulation of achaete and scute shared enhancer-like
elements drive their coexpression in proneural clusters of the imaginal discs.
Genes Dev. 9, 1869–1882.
Gray, S., Levine, M., 1996. Transcriptional repression in development. Curr. Opin. Cell
Biol. 8, 358–364.
Haenlin, M., Cubadda, Y., Blondeau, F., Heitzler, P., Lutz, Y., Simpson, P., Ramain, P., 1997.
Transcriptional activity of pannier is regulated negatively by heterodimerization of
the GATA DNA-binding domain with a cofactor encoded by the u-shaped gene of
Drosophila. Genes Dev. 11, 3096–3108.
Heitzler, P., Haenlin, M., Ramain, P., Calleja, M., Simpson, P., 1996. A genetic analysis of
pannier, a gene necessary for viability of dorsal tissues and bristle positioning in
Drosophila. Genetics 143, 1271–1286.
75I. Biryukova, P. Heitzler / Developmental Biology 323 (2008) 64–75Heitzler, P., Vanolst, L., Biryukova, I., Ramain, P., 2003. Enhancer–promoter commu-
nication mediated by Chip during Pannier-driven proneural patterning is regulated
by Osa. Genes Dev. 17, 591–596.
Jafar-Nejad, H., Acar, M., Nolo, R., Lacin, H., Pan, H., Parkhurst, S.M., Bellen, H.J., 2003.
Senseless acts as a binary switch during sensory organ precursor selection. Genes
Dev. 17, 2966–2978.
Kagey, M.H., Melhuish, T.A., Wotton, D., 2003. The polycomb protein Pc2 is a SUMO E3.
Cell 113, 127–137.
Katz, S.G., Cantor, A.B., Orkin, S.H., 2002. Interaction between FOG-1 and the corepressor
C-terminal binding protein is dispensable for normal erythropoiesis in vivo. Mol.
Cell. Biol. 22, 3121–3128.
Kuzmichev, A., Zhang, Y., Erdjument-Bromage, H., Tempst, P., Reinberg, D., 2002. Role of
the Sin3-histone deacetylase complex in growth regulation by the candidate tumor
suppressor p33(ING1). Mol. Cell. Biol. 22, 835–848.
Liew, C.K., Simpson, R.J., Kwan, A.H., Crofts, L.A., Loughlin, F.E., Matthews, J.M., Crossley,
M., Mackay, J.P., 2005. Zinc ﬁngers as protein recognition motifs: structural basis for
the GATA-1/friend of GATA interaction. Proc. Natl. Acad. Sci. U. S. A. 102, 583–588.
Lundblad, J.R., 2006. Structual determinants of dCtBP function. In: Chinnadurai, G.
(Ed.), CtBP family proteins. Landes Bioscience and Springer Science-Business
Media, pp. 83–92.
Lund, A.H., van Lohuizen, M., 2004. Polycomb complexes and silencing mechanisms.
Curr. Opin. Cell Biol. 16, 239–246.
Mannervik, M., Levine, M., 1999. The Rpd3 histone deacetylase is required for
segmentation of the Drosophila embryo. Proc. Natl. Acad. Sci. U. S. A. 96, 6797–6801.
Mani-Telang, P., Arnosti, D.N., 2007. Developmental expression and phylogenetic
conservation of alternatively spliced forms of the C-terminal binding protein
corepressor. Dev. Genes Evol. 21, 127–135.
Mani-Telang, P., Sutrias-Grau, M., Williams, G., Arnosti, D.N., 2007. Role of NAD binding
and catalytic residues in the C-terminal binding protein corepressor. FEBS Lett. 13,
585241–585246.
Martín, D., Piulachs, M.D., Raikhel, A.S., 2001. A novel GATA factor transcriptionally
represses yolk protein precursor genes in themosquito Aedes aegypti via interaction
with the CtBP corepressor. Mol. Cell. Biol. 21, 164–174.
Milchanowski, A.B., Henkenius, A.L., Narayanan, M., Hartenstein, V., Banerjee, U., 2004.
Identiﬁcation and characterization of genes involved in embryonic crystal cell
formation during Drosophila hematopoiesis. Genetics 168, 325–339.
Morel, V., Lecourtois, M., Massiani, O., Maier, D., Preiss, A., Schweisguth, F., 2001.
Transcriptional repression by suppressor of hairless involves the binding of a
hairless-dCtBP complex in Drosophila. Curr. Biol. 11, 789–792.
Mottus, R., Sobel, R.E., Grigliatti, T.A., 2000. Mutational analysis of a histone deacetylase
in Drosophila melanogaster: missense mutations suppress gene silencing associated
with position effect variegation. Genetics 154, 657–668.Nibu, Y., Zhang, H., Levine, M., 1998. Interaction of short-range repressors with Droso-
phila CtBP in the embryo. Science 280, 101–104.
Pennetta, G., Pauli, D., 1998. The Drosophila Sin3 gene encodes a widely distributed
transcription factor essential for embryonic viability. Dev. Genes Evol. 208,
531–536.
Phippen, T.M., Sweigart, A.L., Moniwa, M., Krumm, A., Davie, J.R., Parkhurst, S.M., 2000.
Drosophila C-terminal Binding Protein functions as a context-dependent transcrip-
tional co-factor and interferes with both Mad and Groucho transcriptional
repression. J. Biol. Chem. 48, 37628–37637.
Poortinga, G., Watanabe, M., Parkhurst, S.M., 1998. Drosophila CtBP: a Hairy-interacting
protein required for embryonic segmentation and hairy-mediated transcriptional
repression. EMBO J. 17, 2067–2078.
Ramain, P., Heitzler, P., Haenlin, M., Simpson, P., 1993. pannier, a negative regulator of
achaete and scute in Drosophila, encodes a zinc ﬁnger protein with homology to
the vertebrate transcription factor GATA-1. Development 119, 1277–1291.
Ramain, P., Khechumian, R., Khechumian, K., Arbogast, N., Ackermann, C., Heitzler, P.,
2000. Interactions between Chip and the Achaete/Scute-Daughterless heterodi-
mers are required for Pannier-driven proneural patterning. Mol. Cell 6, 781–790.
Richardson, J., Simpson, P., 2006. A conserved trans-regulatory landscape for scute
expression on the notum of cyclorraphous Diptera. Dev. Genes Evol. 216,
29–38.
Schaeper, U., Boyd, J.M., Verma, S., Uhlmann, E., Subramanian, T., Chinnadurai, G., 1995.
Molecular cloning and characterization of a cellular phosphoprotein that interacts
with a conserved C-terminal domain of adenovirus E1A involved in negative
modulation of oncogenic transformation. Proc. Natl. Acad. Sci. U. S. A. 92,
10467–10471.
Skeath, J.B., Carroll, S.B., 1994. The achaete-scute complex: generation of cellular pattern
and fate within the Drosophila nervous system. FASEB J. 8, 714–721.
Sollerbrant, K., Chinnadurai, G., Svensson, C., 1996. The CtBP binding domain in the
adenovirus E1A protein controls CR1-dependent transactivation. Nucleic Acids Res.
24, 2578–2584.
Tatusova, T.A., Madden, T.L., 1999. Blast 2 sequences— a new tool for comparing protein
and nucleotide sequences. FEMS Microbiol. Lett. 174, 247–250.
Torigoi, E., Bennani-Baiti, I.M., Rosen, C., Gonzalez, K., Morcillo, P., Ptashne, M., Dorsett,
D., 2000. Chip interacts with diverse homeodomain proteins and potentiates bicoid
activity in vivo. Proc. Natl. Acad. Sci. U. S. A. 97, 2686–2691.
Turner, J., Crossley, M., 1998. Cloning and characterization of mCtBP2, a co-repressor
that associates with basic Krüppel-like factor and other mammalian transcriptional
regulators. EMBO J. 17, 5129–5140.
Wen, Y., Nguyen, D., Li, Y., Lai, Z.C., 2000. The N-terminal BTB/POZ domain and
C-terminal sequences are essential for Tramtrack69 to specify cell fate in the
developing Drosophila eye. Genetics 156, 195–203.
